ABSTRACT Machine-type communications are emerging as a new paradigm for enabling a broad range of applications from the massive deployment of sensor devices to mission-critical services. To support massive machine-to-machine (M2M) communications with delay constraints in cellular networks, we design an efficient random access and data transmission system known as distributed queueing random access-multipleinput multiple-output (DQRA-MIMO) data transmission system. This system has the advantages of both efficient collision resolution of DQRA protocol and the efficient data transmission of MIMO technology. To obtain higher throughput under delay constraint and limited time-frequency resources, we match the ability of collision resolution with the capability of MIMO transmission by optimally configuring system parameters. The closed-form expression of throughput is derived, which is a function of the total user equipments' traffic arrival rate, average packet number of each arrival, number of base station antennas, and number of access request (AR) slots. An optimization problem is formulated to maximize the throughput to obtain the optimal number of AR slots given a certain delay constraint for M2M traffic. Numerical and simulation results reveal that, for a given requirement of average delay, the proposed optimized DQRA-MIMO system, which dynamically adjusts time-frequency resource division to maximize throughput, can provide a higher throughput than that of a baseline approach.
I. INTRODUCTION
Machine-to-machine (M2M) applications, which are developed and deployed rapidly in recent years, have become the dominant communication paradigm of Internet of Thing (IoT) [1] . As compared with traditional human-tohuman (H2H) communications, M2M communications have some unique characteristics, such as the wide distribution, high-density deployment, small-sized packet transmission, and large uplink-to-downlink ratio [2] . The cellular network is originally designed for H2H communications and it can meet the data transmission rate and delay constraint for H2H communications. However, to facilitate M2M communications in cellular networks, some critical issues have to be addressed. The first issue is the high access collision rate [3] . Since massive and bursty M2M traffic generates packets randomly, a large number of M2M user equipments (UEs) may access the network simultaneously, which will lead to severe access collisions and large congestion delay, especially in the case of insufficient spectrum resources. The second issue is the signaling overhead. In a conventional access protocol for cellular networks, the UE first establishes a connection with the base station (BS) and the BS then allocates resources in a centralized manner so that UEs transmit uplink data without collision [4] .
However, for massive small-sized packets generated by M2M traffic, the connection-oriented procedure may induce excessive signaling overhead. The third issue is to properly allocate the limited time-frequency radio resources between collision resolution and data transmission, so as to balance the capabilities of collision resolution and data transmission to achieve high throughput under certain delay requirement.
To address the issue of the low successful access probability due to severe collisions of M2M random access in cellular networks, M2M traffic is classified and assigned with different access class barring (ACB) values [5] - [8] . Their probabilities of initiating access are then controlled according to the assigned ACB parameter to mitigate congestion. An extended access baring (EAB) scheme was proposed in [9] and [10] , where M2M devices are divided into EAB and non-EAB groups. The EAB devices are allowed to access the network at any time, while the non-EAB devices can only access after receiving an enabling message broadcasted by the BS. Nevertheless, when time-frequency resources are limited, the higher priority traffic devices may keep transmitting and block the lower priority traffic devices. In [11] , the M2M traffic is grouped into clusters according to their data deadlines and the amounts of data to be transmitted. The cluster head connects to the BS and requests uplink resource when there is uplink data in the cluster. The cluster members then perform uplink data transmissions with the help of the cluster head. Therefore, both the signaling between the cluster members and the cluster head and between the cluster head and the BS are needed. All the above mentioned schemes employed exponential backoff mechanism to resolve access collision. However, low success rates and long backoff period are unavoidable in the case of massive small-sized M2M random access. To alleviate such problems, a distributed queueing random access (DQRA) protocol based on a tree-splitting collision resolution algorithm has been proposed to resolve collisions efficiently [12] - [15] . For example, the DQRA mechanism is applied to M2M UEs' initial association in Long Term Evolution-Advanced (LTE-A) network to resolve access collisions [15] . It is shown to efficiently reduce access delay and energy consumption as compared with the aforesaid exponential backoff mechanism.
In addition to random access, data transmission is another important procedure that affects the performance of M2M traffic. Joint random access and data transmission scheme for M2M traffic in cellular networks was first considered in [16] . In [16] , BS dynamically balances resources between random access and data transmission. The UEs are allowed to transmit data right after their preambles are successfully transmitted, which not only reduces signaling overhead but also guarantees the UEs to be assigned with data channels. Nevertheless, two or more UEs may select the same preamble and they cannot be identified in the collision resolution stage. Therefore, they will be assigned the same channel and their packets cannot be correctly demodulated due to collision.
A promising scheme for joint random access and data transmission of M2M traffic in cellular networks is to combine DQRA with multiple-input multipleoutput (MIMO) technique. MIMO technique can provide wide coverage, high spectrum efficiency, and low latency. Hence, it is one of the key technologies of nextgeneration cellular mobile communication networks and will become an indispensable technology for M2M communications [17] , [18] . Together with MIMO, the DQRA protocol can resolve collision efficiently and enhance data transmission simultaneously. However, if adopted alone, neither of them can support massive small-sized M2M traffic with delay requirement under limited time-frequency resources. For example, if DQRA is adopted alone, too many packets generated by the UEs, which have completed collision resolution, will be backlogged due to the lack of data transmission capacity. On the other hand, if only MIMO is used, when massive UEs transmit their packets simultaneously, the total amount of data transmitted may be larger than the capacity of MIMO channel, leading to transmission failure [18] .
In this paper, we design a joint collision resolution and data transmission system, named DQRA-MIMO system. In this system, the DQRA protocol is applied to resolve access collision and reduce signaling overhead. In addition, MIMO is adopted and its multiplexing gain is utilized to enhance data transmission capacity and improve system throughput. For our joint design, we propose a time-frequency resource division strategy to allow the collision resolution ability of DQRA to match the data transmission capacity of MIMO. We evaluate the performance of the proposed system analytically and further validate its efficiency through simulation. The main contributions of our paper are summarized as follows:
1) High-efficiency access and transmission system for massive M2M: We design a system comprising of DQRA and MIMO modules. Massive UEs' access collisions are resolved by the DQRA module, and the packets transmitted simultaneously by multiple UEs are enabled by multi-antenna reception and multipacket detection at the BS. 2) Radio resource division strategy to balance the capabilities of random access and data transmission: The stable condition of the proposed DQRA-MIMO system is analyzed. Whereby, we propose an optimal resource division strategy to maximize the throughput given certain delay constraint for M2M traffic, i.e., setting proper number of access request (AR) slots to make the rate of collision resolution equal to or slightly lower than the speed of data transmission. 3) Optimal number of AR slots: We derive a closedform expression of the throughput as a function of the total UEs' traffic arrival rate, the number of AR slots, average packet number of each arrival, and the number of BS antennas. Furthermore, we determine the optimal number of AR slots subject to average delay constraint, given system parameters including time-frequency resource amount, traffic arrival rate, average packet number of each arrival, and number of BS antennas. The remainder of this paper is organized as follows. In Section II, the DQRA-MIMO system is described, including the frame structure, new UEs' access control, collision resolution, simultaneous packet transmission, and multi-packet detection. In Section III, the performance of the DQRA-MIMO system is analyzed, including collision resolution ability, system stability condition, throughput, and average transmission delay. Then, when the system is stable, the optimal number of AR slots maximizing the throughput is derived subject to average delay constraint in Section IV. Simulation results are provided in Section V. Section VI concludes the paper.
II. DQRA-MIMO SYSTEM DESIGN
We consider a cellular network, where M2M UEs coexist with H2H UEs and share the radio resources. Assume that after supporting the H2H UEs, the residual bandwidth allocated to M2M traffic is B. The BS is equipped with K antennas and each M2M UE has one antenna. The wireless channel is modeled as a block Rayleigh-faded channel, where the fading coefficients are assumed to remain constant during one slot, but change independently from one slot to another according to a circularly symmetric complex Gaussian distribution with zero mean and unit variance. The background noise is Gaussian with zero mean and variance of σ 2 . Since our system is designed for M2M UEs, all the UEs are referred to as M2M UEs hereinafter.
A. FRAME STRUCTURE Our DQRA-MIMO system is time-slotted with a frame structure as shown in Fig. 1 . Each frame comprises of four different segments: contention window (CW), contention feedback (CF), data transmission (DT), and data feedback (DF). The description of each segment is given as follows:
• The CW segment is divided into M AR slots. For a UE that is allowed to send access request, it randomly selects, with equal probability, one of the M AR slots to send its AR sequence. Hence, in each AR slot, there might be several UEs sending their AR sequences.
• The CF segment contains M access feedback (AF) slots and they have one-to-one mapping with the M AR slots in the CW segment. Specifically, in slot AF f the BS broadcasts the feedback for the access request received in slot AR f , where f = 1, 2, ..., M . The state of the feedback will be ''I'' (idle) if no AR sequence is detecetd in slot AR f , ''S'' (success) if a single AR sequence is detected, or ''C'' (collision) if there are multiple AR sequences in the same slot.
• The DT segment or named DT slot is used for transmitting packets. The UEs with feedback ''S'' will transmit their packets in the current or a later DT slot according to the data transmission rule to be detailed later.
• The DF segment consists of K DF slots. Two bits are included in each DF slot for the BS to broadcast feedback for the UE which just sent its packet in the DT segment of this frame. The first bit is an acknowledgment (ACK) or non-acknowledgment (NACK) message, indicating whether or not the packet is successfully received. The second bit indicates whether or not the received packet is the final packet of the UE. The time length L of a frame is fixed for the cellular network. Denoting the time length of the AR slot, AF slot, DF segment, and DT segment as L AR , L AF , L DF , and L DT , respectively, we have
B. ACCESS CONTROL AND COLLISION AVOIDANCE
The DQRA-MIMO system consists of a new-user access control (NAC) module, a collision resolution (CR) module, a packet transmission (PT) module, and a multi-packet detection (MPD) module, as depicted in Fig. 2 .
The NAC module is used for the new UEs to wait until the beginning of the first frame when the CR module becomes empty. An empty CR module means that all the UEs previously in the CR module have left for the PT module, i.e., all the previous collisions have been resolved. The switch in Fig. 2 is ''on'' only at the aforementioned time, allowing the UEs in the NAC module to enter the CR module. Otherwise, the switch is ''off'', which prohibits the UEs arriving later from entering the CR module. It ensures that the earlyarrived UEs' collision is resolved first.
In the CR module, each new UE selects one of the M AR slots randomly with equal probability to send its AR sequence. The AR sequence of each UE is assumed to have a unique pattern as designed in [19] . By detecting AR sequences, the BS determines the state of each AR slot as ''I'', ''S'', or ''C''. The BS broadcasts the status result of slot AR f in the corresponding slot AF f . In turn, the UEs monitor slot AF 1 to AF M and record the status results of AR 1 to AR M . If the result in the AF slot corresponding to a UE's AR slot is ''S'', the UE knows that it has succeeded and enters the PT module (see Fig. 2 ). If the result is ''C'', the UE knows that it has failed and then moves to the tail of the request queue (RQ) together with its competitors (i.e., they occupy the same position), as shown in Fig. 2 . Specifically, if both results in AF f 1 and AF f 2 are ''C'' where f 1 < f 2 , the UEs which sent AR sequences in AR f 1 move to the tail of the RQ before the UEs which sent AR sequences in AR f 2 .
The first in first out (FIFO) rule is adopted in the RQ. The length of the RQ is denoted as RQ , which is updated at the end of each AF slot. If the feedback result of slot AF f is ''C'', RQ is increased by 1 at the end of slot AF f because the UEs which sent AR sequences in slot AR f all move to the tail of the RQ and now occupy a single position together. When all collisions have been resolved completely, RQ = 0. It should be noted that the RQ is a virtual queue, and either the BS or each UE maintains its own RQ independently and synchronously. The synchronization of each UE's and BS's RQ can be realized because the aforementioned updating rules of the RQ are known to the BS and all UEs, all UEs keep monitoring the feedback from slot AF 1 to AF M and count the number of AF slots with feedback ''C'', and the initial length of RQ is always zero when a UE enters the CR module. Hence, it is equivalent to having a single common RQ in the system.
According to the RQ length and the feedback of all AF slots, each collided UE which has moved to the RQ knows its current position in the RQ, and can accurately deduce the time for itself to reach the head of the RQ. At the beginning of each frame, if RQ > 0 (i.e., there are collisions to be resolved), each UE which is at the head of the RQ selects one of the M AR slots randomly and sends its AR sequence. Then, the BS and all UEs decrease their RQ by one. If RQ = 0, the new UEs in the NAC module leave for the CR module, as the switch in Fig. 2 turns ''on'' in this case.
C. TRANSMISSION AND DETECTION
The UEs that succeed in the contention move to the data queue (DQ) of the PT module and wait for packet transmission. Each UE occupies one position in the DQ as illustrated in Fig. 2 . Let DQ denote the queue length of DQ. In the DT segment of each frame, if DQ > K , each of the first K UEs in the DQ transmits one packet; if 0 < DQ ≤ K , each of the UEs in the DQ transmits one packet; otherwise, no UE transmits packet. This is because, in a rich scattering wireless channel environment, the BS equipped with K antennas can correctly demodulate at most K different UEs' packets in each frame. In summary, the total number of UEs which transmit packets simultaneously is given by
In order for the BS to discriminate at most K different UEs' packets which are received simultaneously, each packet is composed of a pilot sequence and data. The total K pilot sequences are from the same pilot sequence set, and are orthogonal to each other to identify the UEs transmitting packets. Specially, each pilot sequence is of K modulated symbols with length L s . The UE with position k (1 ≤ k ≤ J ) in the DQ uses the kth pilot sequence to compose its packet. The data part of each packet contains N modulated symbols
Similar to the RQ, the DQ follows the FIFO rule as well. Its queue length DQ is updated at the end of each AF or DF slot. At the end of slot AF f , if the feedback is ''S'', DQ is increased by one as the UE which sent AR sequence at slot AR f moves to the tail of the DQ and occupies a position. If both the feedback in slots AF f 1 and AF f 2 are ''S'', where f 1 < f 2 , the UE which sent AR sequence in AR f 1 moves to the end of the DQ before the UE which sent AR sequence in AR f 2 . At the end of each DF slot, the corresponding UE leaves the DQ if the two bits in the slot are binary ''11'' (i.e., the UE's final packet has been successfully received by the BS). Otherwise, the UE keeps staying in the DQ to retransmit the current packet in the next frame if the two bits in the slot are ''01'' or ''00'', or to transmit next packet in the next frame if the two bits in the slot are ''10''. Accordingly, DQ is decreased by one in the first case, while keeps unchanged in the latter two cases.
Besides, the DQ is also a virtual queue and is maintained in both the BS and each UE. The updating rules and the queue length DQ are known to the BS and all UEs. This is because all UEs can monitor the feedback of each AF slot and DF slot. The BS and each UE maintain the length of their own virtual DQ according to the same information and the same rule, thus all the DQs are synchronous and all DQ 's are equal. Therefore, the UE can deduce its own position in the DQ and determine when it should transmit. According to the results of feedback in DF slot, the UE which sent a packet in the frame can conduct one of the following operations: leaving the DQ, retransmitting the packet in the next frame, and transmitting a new packet in the next frame.
The J packets simultaneously transmitted by the singleantenna UEs arrive at the K -antenna BS, which forms a virtual J -input K -output MIMO system as illustrated in Fig. 2 . In each frame, the received signal at the BS can be expressed as
where x k,n in the K × N signal matrix X = [x k,n ] denotes the nth received symbol at BS antenna k, h k,j in the K × J channel gain matrix H is the channel gain between UE j and BS antenna k, s j,n in the J × N transmitted signal matrix S stands for the nth modulated symbol of UE j, and z k,n in the K × N noise matrix Z is the additive white Gaussian noise at BS antenna k when receiving the nth symbol. The total number J of UEs which transmit packets in current frame can be obtained from the queue length DQ via (2), thus J is known to the BS. Furthermore, for each frame, the pilot sequences contained in the J simultaneously transmitted packets are chosen from a pilot sequence set known to the BS and all UEs. Therefore, even in the initial stage, the BS is capable of identifying these UEs and estimating their channel state information h k,j , both via detecting the pilot sequences. Then, the J UEs' transmitted data can be separated and recovered using conventional detection methods. For example, if zero-forcing (ZF) detection method is applied, we have the detected signal matrix as [20] 
where the superscript H represents conjugate transpose.
D. DISCUSSION
It can be concluded that this DQRA-MIMO system addresses the three issues raised in Section I. First, it can avoid high access collision by blocking the new UEs in the NAC module until the existing collision is resolved in the CR module, thus ensuring the number of collided UEs in the system to be well controlled and all collisions to be resolved efficiently. Second, this system needs little signaling overhead, because each UE itself decides when to send its AR sequence and when to transmit its packet in a distributive manner and according to the agreed rules. It is because the BS and all UEs maintain their own virtual RQ and DQ independently and synchronously, the collision resolution mechanism of this system possesses both high efficiency of centralized control and easy implementation of distributed process. Third, this system may balance the collision resolution ability and the data transmission capacity to achieve the maximum throughput under certain delay constraint by configuring an appropriate number of AR slots M . The aforementioned delay and appropriate number of AR slots M will be detailed in Section III-D and Section IV, respectively. The aforementioned UEs operating in the distributive manner is called active UEs in the following for simplicity and they maintain their own RQ and DQ continuously. For the newly turn-on or wake-up UEs which have no knowledge on the current queue lengths of RQ and DQ, they can obtain the queue lengths from certain control message (e.g., the system information block (SIB) in the LTE-A system) periodically broadcasted by the BS, and then setup and keep maintaining their own RQ and DQ. It should be pointed out that, as compared with the active UEs, a newly turn-on or wake-up UE may have an extra waiting time from its turning on or waking up to the next control message being broadcasted if the broadcast period is more than one frame.
III. ANALYSIS OF DQRA-MIMO SYSTEM
In this section, the collision resolution ability and stability conditions are analyzed under the conditions that all UEs are active UEs, and both the new UEs' traffic arrival and the number of packets of each arrival follow a Poisson distribution. The closed-form expressions of throughput and average delay of the DQRA-MIMO system are then derived.
A. COLLISION RESOLUTION ABILITY
Collision is resolved in the CR module together with the NAC module. As shown in Fig. 2 , the total UEs arrived in the two modules include both the new UEs waiting in the NAC module and the backlogged UEs in the CR module. Given that the new UEs' arrival follows a Poisson distribution with mean λ n , to simplify the analysis, following [16] , [21] , [22] , we assume that the total UEs' arrival follows a Poisson distribution with mean λ > λ n . Here, the total UEs include both the new UEs and the backlogged ones.
The number of UEs which compete successfully and leave the CR module in any frame is from 0 to M since there are M AR slots in each frame. Let p be the probability that a UE sends its AR sequence in an AR slot and competes successfully. Thus, 1−p is the probability that a UE competes unsuccessfully and then moves to the tail of the RQ. As such, the average number of UEs that leave the CR module in each frame is λp, which characterizes the collision resolution ability of the CR module. Here, the probability p can be expressed as [21] 
where k is the number of the other UEs that send AR sequences at the same frame as the targeted UE, P {k = j} = λ j e −λ /j! is the probability that the total number of the other UEs is j given that total UEs' traffic arrival process follows the Poisson distribution with mean λ, and P {Success|k = j} = M (1/M )(1 − 1/M ) j is the probability of a UE succeeding in the contention by randomly choosing an AR slot to send AR sequence when the other j UEs also send their AR sequences in the same frame. Here, given the number of AR slots M , 1/M is the probability that the UE chooses slot AR f and (1 − 1/M ) j is the probability that all the other j UEs do not select slot AR f , where f ∈ {1, 2, ..., M }. By utilizing Taylor series expansion, (5) can be rewritten as
B. SYSTEM STABILITY A system is stable under the condition that its arrival rate is less than the service rate. Therefore, for a stable DQRA-MIMO system, the arrival rates should be less than the service rates of both the CR module and PT module. For the CR module, the arrival rate is λ n because it is simply the new UEs' traffic arrival rate in the DQRA-MIMO system. The service rate of the module is Me −1 as proved in [22] , which can be found by maximizing the departure rate of this module, i.e., max{λp}. Therefore, the CR module is stable under the condition
When the CR module is stable, its departure process can be approximated as a Poisson process [21] , [22] , with the departure rate equal to the arrival rate, i.e.,
For the PT module, its arrival rate is λe −λ/M since its arrival process is simply the departure process of the CR module and thus follows a Poisson distribution with mean λe −λ/M . Its service rate is K θ −1 because at most K different UEs' packets can be transmitted simultaneously in each frame in a rich scattering wireless environment, where θ is the average number of packets for each arrival. Therefore, the condition of the PT module being stable is
The DQRA-MIMO system is stable only when the cascaded CR module and PT module are stable. Therefore, the system stability condition can be derived from (7)- (9) as
Note that λe −λ/M ≤ Me −1 always holds since the departure rate is at most equal to the service rate when the CR module is stable. Therefore, the stability condition (10) can be simplified to
Given M and a stable CR module, λ can be expressed with λ n by multiplying both sides of (8) with (−1/M ) as
where W(·) is Lambert W function [23] , i.e., the inverse function of f (x) = xe x .
C. THROUGHPUT
The throughput of the DQRA-MIMO system, denoted as T , is defined as the average number of transmitted bits per second and is given by
where
is the number of transmitted data bits per UE over a subcarrier in a symbol duration, with ε, Q, and b being the coding efficiency, modulation order, and subcarrier bandwidth in Hz, respectively. B/b is the number of subcarriers in the channel bandwidth B allocated to M2M traffic, L DT /L s is the number of symbols per frame, 1/L is the number of frames per second, λe −λ/M is average number of UEs that leave PT module per frame when the system is stable, and p ave = J j=1 p r,j /J denotes the average packet error rate when J UEs are simultaneously transmitting, with p r,j being the packet error rate of UE j. Here, without channel state information, we assume that all the UEs adopt the same basic modulation and coding scheme when transmitting data. By ignoring transmission error, it is obvious that the supremum of T , denoted as T sup , is
To maximize throughput, we propose to maximize its supremum, which is equivalent to maximizing the following variable U ,
where X = L − L DF and Y = L AR + L AF are non-negative constants. It can be seen from (14) and (15) that T sup is a linear function of U .
D. DELAY
The delay D of a new UE from entering the NAC module to leaving the PT module consists of three components: the waiting time D W for the UE to take from entering the NAC module to entering the CR module, the collision resolution time D CR in the CR module, and the data transmission time D PT in the PT module. D W includes two parts, namely, D W,1 representing the duration for the UE to wait from its arrival at the NAC module to the beginning of the next frame and D W,2 being the duration from the beginning of the aforementioned frame to the end of the frame when all the UEs in the RQ have resolved their collisions. As a UE may arrive at any time within a frame,
is zero if the RQ is empty and the switch is ''on'' at the beginning of the first frame after the new UE arrives. Otherwise, D W 2 equals the duration of one or several frames if the RQ is non-empty and the switch is ''off''. For the latter case, D W 2 and D CR can be analyzed as follows.
The process for a randomly arriving UE from the beginning of the first frame after arriving at the NAC module to completing collision resolution in the CR module and leaving for the PT module can be approximated as an M/M/1 queueing system with arrival rate λ n and service rate µ = ln(1/ (1−p)) [21] , [22] . This is because the new UEs' traffic arrival process follows a Poisson distribution with mean rate λ n , and the probability for a UE in the CR module to leave for the PT module is constant p as shown in (5) . Thus, the required number of frames or the service time for a UE from the beginning of the first frame after entering the NAC module to completing collision resolution in the CR module and leaving for the PT module follows a geometric distribution with a probability p [25] . As the sample values of geometrical distribution can be viewed as the sampled values of that of exponential distribution [24] , the total time for a UE from the beginning of the first frame waiting in the NAC module to the time of succeeding collision resolution in the CR module can be approximated by an exponential distribution with mean value of 1/µ, and then the sum of mean waiting time in the NAC module and mean service time in the CR module can be approximated as
The arrival of the PT module in each frame can be characterized as a Poisson process with mean λ n under stable condition. This is because it is simply the output of the CR module. As the probability of the transmission error of a packet is p ave , the average number of transmission times for each packet is 1/(1 − p ave ). Therefore, the average sojourn time (in frame) for a UE in the PT module is θ/(1 − p ave ). We can thus model the PT module as an M/M/K queue system with arrival rate λe −λ/M and service rate K (1 − p ave )/θ. Therefore, the mean sojourn time of a UE in the PT module E[D PT ] is given by [24] 
is the utilization factor of the M/M/K queue system. The first term LK ρ in (16) is the mean packet transmission time for the UE in the PT module, and the second term is the mean waiting time for a UE from entering the PT module to starting packet transmission. To sum up, the average sojourn time of a UE in the DQRA-MIMO system is
It can be found that E [D] is a monotonically decreasing function of M . This is because a larger M results in a larger p and thus a larger µ = ln(1/ (1 − p) ). E [D] is a monotonically decreasing function of K , because a bigger K leads to a lower mean sojourn time E [D PT ] in the PT module.
IV. OPTIMAL M FOR MAXIMIZING THROUGHPUT UNDER DELAY CONSTRAINT
To obtain the optimal number of AR slots M opt for maximizing throughput under average delay requirement, an optimization problem is formulated. Then the value of M opt is analytically derived in this section.
A. PROBLEM FORMATION
For a stable DQRA-MIMO system, the optimal number of AR slots for maximizing throughput can be formulated as an optimization problem:
where constraint (18b) indicates that the collision can be resolved in the CR module if and only if M is an integer no less than 2 [19] , constraint (18c) is to guarantee L DT defined in (1) to be positive, constraint (18d) is the stability condition of the DQRA-MIMO system as derived in Section III-B, and constraint (18e) is the average delay requirement of an allowed average sojourn time D B . It can be seen from (18) that M opt depends on the BS antenna number K , total UEs' traffic arrival rate λ (and thus new UEs' traffic arrival rate λ n ), average packet number of each arrival θ , frame parameters X and Y , and average delay constraint D B .
B. DERIVATION OF M opt
To solve OP1, we first transform OP1 into the following optimization problem (OP2) without the delay constraint,
s.t. (18b), (18c), (18d). (19b)
Let S 1 denote the set of all the M 's that satisfy constraints in (19b), then it can be found that
with m 0 representing the upper bound of M satisfying (19b). The detailed derivation of set S 1 can be found in Appendix A.
To solve OP2, we first find the optimal m which maximizes U (m), where m is a positive real-valued continuous variable and U (m) is the relaxed function of U (M ) defined in (15) . We have Proposition 1 as follows.
Proposition 1: U (m) achieves its maximum at m = m 1 , where m 1 is the non-negative root of the first order derivative of U (m) and is given by
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Based on Proposition 1, the optimal solution of OP2 is given by Proposition 2.
Proposition 2: The optimal number of AR slots M opt for OP2 is a positive integer given by Based on the above analysis, (23) holds. Next, we consider average delay constraint (18e) and have Proposition 3 as follows.
Proposition 3: The lower bound of the relaxed positivevalued m that satisfies the relaxed constraint (18e), denoted as m d , can be expressed as
Proof: See Appendix C. To satisfy the delay constraint, the optimal number of AR slots M opt should be no less than m d . Then M opt can be found as
That is, M opt for OP1 is set to be M opt if the delay constraint can be satisfied by using M opt . Otherwise, M opt is set as the minimum integer no less than m d . The supremum of throughput can be obtained by substituting M opt into (14) .
V. VALIDATION, COMPARISON AND DISCUSSION
In this section, we perform simulations to verify the derived expression of the optimal number of AR slots. Then, we study the impact of different system parameters, namely total UEs' traffic arrival rate and the number of BS antennas, on this optimal setting and compare the performance of the proposed M2M communications system against a baseline scheme.
A. PARAMETER SETTING
In the simulations, the total bandwidth allocated for M2M communications is set to be 180 KHz with each subcarrier of 15 KHz. The signal-to-noise ratio (SNR) is set to 20 dB at BS receiver. The packet number of each arrival follows a Poisson distribution with mean value θ = 5. For the purpose of comparison, we also employ a special case where each arrival has a single packet (i.e., θ = 1). The requirement of the average delay D B is 200 ms. For our proposed DQRA-MIMO system, the frame length L is 10 ms. The AR slot length L AR , the AF slot length L AF , and the DF slot length L DF are all set to be 10 µs. The length of a modulated symbol L s is set to be 1/14 ms.
To support reliable transmissions, we assume that all UEs adopt binary phase shift keying (BPSK) and convolutional code with a coding efficiency of 1/3 [26] . The data from J UEs are detected at the BS using the ZF method. The presented simulation results are based on Monte Carlo simulation of 10000 runs, while the numerical results are obtained based on M opt derived from (25) and the involved average packet error rate p ave is calculated by averaging the simulation results.
B. BASELINE
The hybrid random access and data transmission protocol (HRADTP) proposed for M2M communications in cellular networks [16] is used as the baseline. The throughput of M2M communications adopting HRADTP is given by [16] 
Here, ϑ is the coding efficiency, q is the total number of resource blocks (RBs) reserved for M2M communications, n is the number of RBs allocated for random access by machine-type devices, η is the number of preambles that can be constructed from one RB, and δ is the number of RBs constituting one data channel. HRADTP maximizes the throughput by optimizing n and δ. To have a fair comparison, we set ϑ = 1/3 and q = 10 in the simulations. Notice that here 10 RBs correspond to L = 10 ms and B = 180 KHz in our system.
C. ANALYSIS VERIFICATION
The numerical and simulated throughput under different numbers of AR slots are given in Fig. 3 , and they are obtained under the constraints of average delay and system stability. It is observed that the numerical results (solid lines) match well with the simulation results (dashed lines). It also can be seen from the figure that for a small θ , e.g., θ = 1 in Fig. 3 , the curve of throughput is concave, and the maximum value of throughput is achieved at M opt = 64(96), when λ equals 30(10) users/frame. It is because when total UEs' traffic arrival rate is fixed, the largest throughput is achieved only if the collision resolution ability and the data transmission capacity is well balanced. In other words, the smaller or the larger the number of AR slots is from its optimal value, the poorer the obtained throughput performance is. However, for a large θ, e.g., θ = 5 in Fig. 3 , the throughput monotonically increases as M increases. It is because higher data transmission capacity is needed when the UEs have more packets to transmit, resulting in shorter collision resolution time duration (smaller number of AR slots). Thus, in this case, M opt is simply the maximum number of AR slots that can be arranged under the average delay constraint.
D. IMPACT OF SYSTEM PARAMETERS ON M opt
In Fig. 4 , we study the impact of different system parameters on the optimal setting of the AR slot number. The results are derived according to (25) . From Fig. 4 , we can see that the curve of the optimal number of AR slots consists of three segments: the ascending segment when λ is small and the descending segment when λ becomes large, and then the ascending segment when λ is much larger. Taking the case of θ = 1 and K = 30 as an example, as shown in Fig. 4(a) , the three segments of the curve are in the interval 0 ≤ λ < λ 1 , λ 1 ≤ λ < λ 2 , and λ ≥ λ 2 , respectively. This can be explained as follows. When traffic load is small (λ < λ 1 ), the collision probability is small, thus to resolve collision a small number of AR-AF slot pairs is needed. As λ increases, the collision probability increases thus the needed number of AR-AF slot pairs increases. However, increasing the number of AR-AF slot pairs reduces data transmission time. When λ 1 ≤ λ < λ 2 , the need of larger data transmission capacity increases faster than that of stronger collision resolution ability. Therefore, the optimal number of AR slots decreases with the increase of λ. Finally, when λ ≥ λ 2 , further increase of λ makes collision resolution ability become the bottleneck again. Therefore, the optimal number of AR slots again increases with the increase of λ. Besides, from Fig. 4 , we can also see that increasing the number of BS antennas results in larger M opt . This is because increasing K enhances data transmission capacity and thus changes the system state from saturated to unsaturated. Taking θ = 1 as an example, when K increases from 30 to 60, the balance points of the system, i.e., λ 1 and λ 2 , move to those fitting the improved data transmission capacity, i.e., λ 3 and λ 4 , where λ 3 > λ 1 and λ 4 > λ 2 , thus to provide more powerful collision resolution ability to harvest the benefit of increasing the number of BS antennas.
Comparing Fig. 4 (a) with 4(b), it is clear that a larger θ leads to a smaller M opt given total UEs' traffic arrival rate and BS antenna number. This is because a larger θ keeps UEs stay in the PT module longer, thus a relatively lower collision resolution ability is needed to match the speed of UEs' departure from the PT module. Figure 5 compares the maximum throughput of the proposed system with that of the baseline HRADTP scheme. In the figure, ''analysis'' stands for the numerical result obtained by using (13) and (26) . ''HRADTP'' represents VOLUME 5, 2017 the numerical throughput obtained using baseline scheme. Parameter η in HRADTP is set to 30 and 60 so that fair comparison can be performed between the HRADTP scheme and the DQRA-MIMO system with K = 30 and 60 under the condition of the same time-frequency resource. To evaluate the throughput gain of the combination of DQRA and MIMO, we also plot the throughput of DQRA system at K = 1. It is noted that the optimal number of the AR slots used for calculating the throughput of DQRA system is obtained by using (25) .
E. THROUGHPUT COMPARISON
From Fig. 5 , we can see that for high total UEs' traffic arrival rate, the throughput of DQRA-MIMO system with K = 30 and 60 are obviously higher than that of HRADTP scheme with η = 30 and 60. This is because the DQRA-MIMO system can make its collision resolution ability to match data transmission capacity by optimizing the number of AR slots. In addition, the transmission collisions are completely avoided so that the time-frequency resources are utilized efficiently. The throughput with K = 60 is obviously higher than that with K = 30, which demonstrates that the DQRA-MIMO system can effectively make use of multiplexing gain of MIMO technology. Moreover, given total UEs' traffic arrival rate and BS antenna number, the maximum throughput obtained when θ = 5 is higher than that obtained when θ = 1. It is because, for the same total UEs' traffic arrival rate λ, a larger θ needs lower collision resolution ability per packet than that for a smaller θ , which results in reduced (increased) time-frequency resource for collision resolution (data transmission). Besides, we can see that the DQRA-MIMO system and the HRADTP system outperform the traditional DQRA system by a very wide margin in terms of throughput. This is because both the DQRA-MIMO system and the HRADTP system can transmit more than one packet in each frame due to multiplexing gain. However, the two system obtain multiplexing gain via different approaches. The DQRA-MIMO system explores multiple antennas, while the HRADTP system utilizes multiple orthogonal preamble codes.
F. DELAY PERFORMANCE
Using M opt , the probability density function of M2M traffic's delay under given total UEs' traffic arrival rates and number of BS antennas are obtained and depicted in Fig. 6 . It can be seen from the figure that, as the number of BS antennas increases, the probability of exceeding delay bound D B reduces. This is because the data transmission capacity increases as the number of antennas increases, and this leads to a shorter data transmission time D PT . It can also be found that, the higher the total UEs' traffic arrival rate, the higher the probability of exceeding delay bound. It is rational since a higher total UEs' traffic arrival rate may cause more serious access collision so that a longer collision resolution time D CR is needed. Therefore, whether the delay increases or not depends on the total UEs' traffic arrival rate λ and the number of BS antennas K , and the delay performance can be improved by throttling traffic arrival rate (e.g., via appropriate BS association strategy) and/or increasing the number of BS antennas.
The average delays of the proposed and HRADTP schemes are shown in Fig. 7 . ''HRADTP'' in the figure is the simulated results of the baseline HRADTP scheme, and ''D-M-Sim'' (''D-M-Ana'') represents the simulation (numerical) results of DQRA-MIMO scheme. We can see from Fig. 7 that the proposed scheme outperforms the HRADTP scheme in terms of average delay. This is because, unlike HRADTP scheme which uses the traditional H2H random access procedure in LTE [4] , the DQRA-MIMO scheme uses a tree-splitting algorithm of high efficiency to resolve collision, and the UEs in the PT module can directly send their packets. Thus both collision resolution time and data transmission time are reduced.
VI. CONCLUSION
In this paper, we designed a DQRA-MIMO system with efficient collision resolution and data transmission for M2M communications with massive small-sized packet transmissions under delay constraint. In the system, massive UEs are identified and separated during access collision resolution procedure so that no packet transmission collision occurs during data transmission procedure. New UEs' collision resolution in the CR module and previous UEs' packet transmission in the PT module are conducted simultaneously, which results in short delay and high throughput. The UEs independently and synchronously update the states and lengths of their virtual queue RQs and DQs, and determine when to send access request or transmit a packet. This distributed process adds little signaling overhead. By setting a proper number of AR-AF slot pairs to make collision resolution rate equal to or slightly lower than the packet transmission rate, we ensure that the collision-free UEs can transmit their packets in time and thus guarantee system stability and throughput maximization. Besides, we derived the analytical expression of the optimal number of AR slots given total UEs' traffic arrival rate, average packet number of each arrival, number of BS antennas and average delay requirement. Numerical and simulation results showed that the throughput of the proposed system is much higher than those of the baseline system and the traditional DQRA system under delay requirement and resource constraints, which demonstrates the system's applicability for uplink transmissions of massive small-sized packets in cellular networks.
APPENDIX A DERIVATION OF S 1
The range of M satisfying (18b) and (18c) is (18d) is always satisfied. This is because e −λ/M < 1 holds for positive-valued λ and M , and thus λe −λ/M < λ ≤ K θ −1 . While if λ > K θ −1 , a necessary condition for M to satisfy constraint (18d) is M < λ/ ln(λθ/K ), where λ/ ln(λθ/K ) is the solution to λe −λ/M = K θ −1 . To sum up, the value range of M in S 1 is the common part of value ranges in (A.1) and that satisfies (18d), i.e.,
APPENDIX B PROOF OF PROPOSITION 1
Proof: Using the positive real-valued continuous variable m to substitute the positive integer variable M in (15), we have
Taking the derivative of U with respect to m, we can obtain 
With m 1 , it can be derived that U (m) > 0 and U monotonically increases in the interval 0 ≤ m < m 1 , while U (m) < 0 and U monotonically decreases in the interval m > m 1 . Therefore, the maximum value of U , U (m 1 ), can be achieved at m = m 1 .
APPENDIX C PROOF OF PROPOSITION 3
Proof (1 − p) ) into (17), we can get
where p = e −λ/m d . Therefore, we have
and thus, after rewriting
Consequently, (C.4) can be transformed by letting t = 1 − p, then
Multiplying both sides of (C.6) by (−λ) and using the definition of Lambert W function, we have
Substituting (C.7) into p = 1 − t and using p = e −λ/m d , we obtain
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